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MHD GENERATORS FOR BASELOAD POWER STATIONS*
L. E. Ring and G, W. Garrison
ARO, Inc,, Sverdrup & Parcel and Associates, Inc.
Arnold Air Force Station, Tennessee

Abstract
The expected continued requirement for power from coal-fired baseload plants
indicates a need for an efficient, relatively pollution-free system capable of
operating on high-sulfur coals. Magnetohydrodynamic (MHD) power generation
offers the possibility of meeting these requirements with cycle efficiencies
above 50 percent. This paper outlines the basic arguments for the conmercial
application of coal-fired MHD baseload plants and describes the MHD High
Performance Demonstration Experiment to be conducted at the Arnold Engineering
Development Center (AEDC) by ARO, Inc., contract operator for AEDC.
1.

INTRODUCTION

constructed, it is expected that at the end of
this century about 50 percent of the power
generated in this country will still be with
coal/1' At present the fossil fuel consumed by
steam electric plants is almost 60 percent coal,
with the rest being natural gas and oil which are
required in many cases because of environmental
considerations.

In the past six years, we have experienced
blackouts, brownouts, gasoline and fuel shortages
due to an oil embargo, and an ever increasing cost
for all forms of energy. These problems have been
categorized as symptomatic of the "energy crisis"
and blame has been placed on excessive coal
exports, a tanker shortage, government antipollution regulations, the lack of coordination between
government regulating agencies, and so on. In any
case, the demand for energy and in particular
electrical power, has been increasing steadily and
causing a severe strain on the resources available
in the United States.
In recent years, the demand for electrical power
has been increasing at a rate that will require a
doubling of production capacity about every ten
years. It is not expected that conservation
measures will significantly decrease the rate of
growth this century and it is clear that more
efficient power plants are desired to economically
meet this demand. There is no power source (solar,
wind, fuel cells, or the breeder reactor) expected
to be available in the next 20 to 30 years which
will significantly supplement the power produced
by conventional nuclear or fossi1-fueled baseload
thermal power plants. Also, even with the in
creasing number of nuclear power plants being

The abundant supply of coal available in the U.S.
and the expected continued requirement for coalfired generating plants clearly indicates the need
for an efficient, pollution-free system capable ofoperating on high sulfur coals. Magnetohydrodynamic (MHD) power generation offers the possi
bility of meeting these requirements. Cycle
analyses indicate that an MHD system operating on
coal can provide an overall efficiency of 50
percent or higher and this is a significant in
crease over the 35 to 40 percent efficiency
obtained in conventional steam power plants/2'
2. THE CASE FOR COAL-FIRED MHD
The baseload MHD power plant (Fig. 1) is envision
ed to consist of a combustor (operating at
approximately 5 atm and 2800°K using coal and pre
heated air), an MHD generator channel inside a
superconducting magnet, a diffuser, an air pre
heater, and a steam generator with the steam

*The research reported in this paper was sponsored by the Energy Research and
Development Administration, Fossil Fuel Division. The work reported herein was
conducted by the Arnold Engineering Development Center (AEDC), Air Force Systems
Command (AFSC). The results were obtained by ARO, Inc, (a subsidiary of Sverdrup
& Parcel and Associates, Inc.), contract-operator of AEDC, AFSC, Arnold Air Force
Station, Tennessee.
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will be captured and can be removed from the
effluent when the seed is recycled/3' Figure 3
shows potassium seeding level required to capture
the S02 from coals having different sulfur contents.
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utilized in a conventional steam turbine. The
MHD generator allows the upper temperature of the
cycle to be raised, thus increasing the overall
cycle efficiency to 50 percent in initial plants
and to 60 percent in second generation plants.
This increased efficiency will reduce the cost
of generating electric power, improve the utili
zation of the available fossil fuels, and
decrease the heat rejected per kw of power
generated. Figure 2 shows the marked decrease in
heat rejection as the plant efficiency increases
and depicts the relative merits of nuclear, con
ventional steam, gas turbine steam, and MHD
steam systems.
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SULFUR CONTENT OF COAL, wt %
FIG. 3. MHD PLASMA SEEDING LEVELS FOR
ELIMINATING SULFUR FROM COAL
(REF. 3)
Figure 4 depicts the decrease in S02 stack gas
emission with the increased addition of potassium.
There is sound experimental evidence^3' that S0X
emissions can be controlled with the addition,
removal, and recycling of the seed material and
thus provide an MHD plant the flexibility of
operating on a fuel having a high sulfur content.
In addition to providing a decrease in thermal
pollution and S02 emissions, the MHD plant has
considerable flexibility for controlling N0X
emissions. The N0X contaminants can be decreased
to acceptable level's by operating with a low air/
fuel ratio and designing the flow system to allow
sufficient gas residence time at high temperature
to permit decomposition of the NOx/1'3'
Alternately, the MHD plant can be designed to
operate with a high N0X content which is then
removed as nitric acid. This may be economically
attractive although its feasibility has not been
established. Succinctly then, the increased
cycle efficiency and decreased pollution make an
MHD generating plant very attractive for baseload
power generation,

CONVERSION EFFICIENCY

FIG. 2.

PLOT OF PLANT HEAT REJECTION
VERSUS PLANT EFFICIENCY

The alkali seed (K2C03) injected into the system
will decompose and the potassium will be ionized
to increase the electrical conductivity of the
gas. At the exit the potassium will re-form as
K2S0<, rather than as K2C03 and in this manner S0X
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4. THE HIGH PERFORMANCE DEMONSTRATION
EXPERIMENT
4.1

EXPERIMENT BACKGROUND AND OBJECTIVES

In an MHD power plant, the MHD generator extracts
energy from the high-velocity, high-temperature
electrically conducting gas stream through the
interaction of the flow with an applied magnetic
field. The performance of the generator is char
acterized by three factors: the energy extraction
ratio, the turbine efficiency, and the combustor
pressure. A number of studies have concluded that
an energy extraction ratio of 0.20 (MHD Electrical
Output/Thermal Input) and a turbine efficiency of
70 percent at 5 atm combustor pressure are requir
ed in order for early MHD plants to achieve a
performance level which will lead to commercial
application of the concept.
There is a substantial gap between the MHD
generator requirements for the commercial power
plant and the open-cycle generator performance
(energy extraction of 0,05 to 0.07 at a turbine
efficiency of 46 percent) which has been achieved
to date. The performance gap is expecially sig
nificant in view of the fact that all of the
generators run to date have operated with working
fluids of much higher conductivity than would be
used in a commercial power plant. A demonstration
of generator performance under operating conditions
simulating the baseload plant has been given a
high priority within the ERDA national MHD program.

POUNDS OF POTASSIUM SEED ADDED
PER HUNDRED POUNDS OF COAL

FIG. 4.

COAL BURNING POWER PLANTS, SULFUR
DIOXIDE (S02) EMISSIONS WITH
POTASSIUM SEED (REF. 3)

3. A NATIONAL MHD DEVELOPMENT PROGRAM
Although MHD power generation appears promising,
there are significant engineering problems which
have to be solved before commercial MHD power
generation can be considered viable. Two major
technical goals that must be achieved are to
demonstrate (1) that the MHD plant is as reliable
as a conventional plant without excessive mainte
nance and (2) that the MHD generator will operate
at high enough efficiency to make the cycle
economically competitive with nuclear and other
alternate systems. The Energy Research and
Development Administration (ERDA) is responsible
for a national MHD development program having the
objective of constructing an MHD power plant of
at least 500-MW capacity'4' by the mid-1980's.
This development program has significant govern
ment support; the ERDA budget in FY76 is nearly
$30 million and the request for FY77 is more than
$37 million. A Component Development and Inte
gration Facility (CDIF), construction of which is
scheduled to begin in FY76 near Butte, Montana,
is a prototype facility designed to perform
component and subsystem studies and to establish
operating and interface requirements. This
facility together with other ERDA technology
programs in, for example, preheaters, combustors,
and generator channels, should establish the
system reliability and operational and maintenance
requirements, one of the major technical objec
tives of the MHD program. The performance level
to be expected from the commercial-sized MHD
generator will be established in an ERDA-supported
project being conducted by ARO, Inc,, personnel
at AEDC.

A project was initiated in December 1973 having the
objective of providing an MHD generator facility
which can convert 16 to 18 percent of the available
thermal energy in the flow into usable electric
power at a turbine efficiency of between 60 and
70 percent. Generator performance is determined
primarily by fluid dynamic, thermodynamic, and
electromagnetic phenomena, all of which equili
brate in less than one second. Since the experi
ment is a demonstration of performance and not
endurance, a nominal 10-15 sec pulsed mode of
operation using a clean fuel is sufficient for the
demonstration and facilities existing at AEDC have
the capability to provide the test conditions
required for this demonstration. The experiment
is to be conducted at a size which allows good
simulation of the fluid mechanics and electro
magnetics of the commercial-sized device. Scaling
considerations(5'6' have shown that an MHD gener
ator operating with a flow rate of 50 to 60 kg/sec
at a burner pressure of 5 to 6 atm (flame temper
ature of approximately 3000°K, electrical
conductivity of 10 to 15 mho/m) and using a
6 Tesla (T) (60,000 gauss) magnet will provide
this simulation. The generator will be operated
at these conditions for run times up to 15 sec
which is sufficient time to obtain accurate per
formance data while minimizing the facility
construction and operating costs. The system will
be operated on toluene (C7H8) and oxygen-enriched
air and will utilize KOH dissolved in methanol
for seed.
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FIG. 5.

LAYOUT OF FACILITY FOR THE MHD PERFORMANCE DEMONSTRATION EXPERIMENT

TABLE I

A layout of the facility for the MHD High
Performance Demonstration Experiment (HPDE) is
shown in Fig. 5. Design of all the hardware
has been completed16' and component fabrication
and assembly of the facility is expected to be
completed by October 1977. The two major
components of the facility are the MHD generator
channel and the dual mode (6 T pulsed and 3.5 T
steady state) magnet both of which are under
construction. The following sections outline
the design characteristics of these two rather
sophisticated pieces of hardware.

HPDE CHANNEL SPECIFICATIONS
Nominal Mass Flow
Oxidizer
Fuel
Nominal Operating Time
Combustor Pressure
Combustor Temperature
Peak Magnetic Field
Seed
Configuration

4.2 GENERATOR CHANNEL DESIGN*
Performance

The basic channel design specifications that
resulted from the scaling and simulation
criteria<5>6> are as follows:

Channel Flow

50 kg/sec
N2/02 = 1-25 by volume
Toluene
15 sec
5.45 atm
2950°K
6T
1.5% K by wt
Segmented-electrode
Faraday or externally
connected diagonal
Energy extraction
> 0.75 MJ/kg at an
overall turbine effi
ciency > 60 percent
Subsonic, accelerating,
with choked flow at the
last loaded electrode

*The generator channel was designed by MEPPSCO, Inc., Boston, Massachusetts,
under contract to ARO, Inc.
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FIG. 6.

GENERATOR CHANNEL LAYOUT INSIDE MAGNET BORE

Computer programs utilizing conventional
analytical and empirical techniques were used to
perform detailed flow analysis to determine the
channel configuration meeting these constraints.
The flow model used an inviscid, one-dimensional
core flow with a turbulent boundary layer and
included electrode voltage drop effects. The
details of these calculations are discussed in
Ref. 6. A layout of the high performance channel
inside the magnet bore is shown in Fig. 6.

TABLE I I

PERFORMANCE ESTIMATES FOR THE HPDE GENERATOR CHANNEL
Configuration Connection
Nominal
Nominal
Nominal
Modified
Modified

The channel is designed for operation at
50 kg/sec with a rough wall boundary layer;
however, the channel and facility have consider
able flexibility to accommodate boundary-layer
growth different from the design calculations,
The facility can provide a mass flow from 40 to
60 kg/sec to assure an accelerating flow with a
choked exit is achieved regardless of the
boundary-layer growth. In addition, the channel
mechanical design provides, if necessary, for
the removal of up to 2.54 cm of material from
each wall at the 7 m station. This would in
crease the exit area by 13 percent and could be
used (1) to accommodate a larger than expected
boundary layer or (2) to operate the channel at
an increased mass flow and pressure ratio to
obtain a higher energy extraction.

Seg Faraday
Seg Faraday
Diagonal
Seg Faraday
Seg Faraday

Mass Flow, Wall
kg/sec
Model
50.0
52.4
50.0
56.4
59.2

Rough
Smooth
Rough
Rough
Smooth

Enthalpy
Power,
Turbine
Extraction
MW
Efficiency
Ratio
43.3
46.9
36.8
52.7
56.6

0.164
0.170
0.143
0.178
0.181

0.6,7
0.71
0.60
0.66
0.69

The channel configuration shown in Fig. 6 is of
rectangular cross section with a nonuniform widthto-height ratio and for ease of fabrication,
handling, and maintenance, the channel is con
structed in five sections. The channel is fabri
cated with an outer pressure vessel lined with the
segmented electrode and insulating pegwalls. The
outer pressure vessel is comprised of NEMA G-ll
fiberglass panels reinforced on the outside with
circumferential stainless steel tie bars which
support the hoop stress. Figure 7 is a photograph
of one section of this outer structure.
Construction details of the insulating pegwalls
are shown in Fig. 8. The pegs are premachined to
the proper length to achieve the channel contour
and are mounted on a polyimide insulator board
to form a peg "brick." Figure 9 is a drawing of
an assembled "brick" showing the copper pegs and
the micalex insulation. After the "bricks" are
assembled, they are bolted and bonded to the
outer G-ll fiberglass wall and the bolt access
hole is plugged with an interference fit copper
plug, A refractory is added to fill the voids
between the pegs at the surface. This assembly
technique does not require that the pressure
vessel be punctured, There are, however, about
50 access ports through the pegwalls for pressure

The flexibility of the design is illustrated by
the performance calculations given in Table II.
The nominal configuration is the design area
distribution while the modified configuration
corresponds to removing 2.54 cm of material from
each wall at the exit. It is seen that a smooth
wall requires a slightly higher mass flow to
provide a choked exit than does the rough wall.
Also, increased performance is achieved by
increasing the channel exit area. It is to be
noted that the influence of wall roughness will
diminish in scaling to a commercial size plant.
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and voltage measurements, There is a total of
36,000 pegs (1.9 cm square) in the two insulator
wal1s.

FIG. 7,

NOTE: ALL DIMENSIONS IN CENTIM ETER,

FIG, 9.

PHOTOGRAPH OF CHANNEL
EXTERNAL STRUCTURE

N O T E - A L L DI MENSI ONS

by a screw passing through the outer electrode
wall and into the electrode heat sink. The
electrode axial spacing (electrode width plus
0,16 cm insulating gap) along the channel varies
from 2,54 cm at the channel entrance to 1.27 cm
at the channel exit and is designed to maintain a
Hall potential on the order of 35 v between
adjacent electrodes. This results in a total of
472 electrode pairs in the entire channel length.
Of this total, only 406 pairs, spanning 7 m, are
to be loaded for operation in the Faraday mode
(Fig. 6).

IN C E N T I M E T E R S

NOTE — AL I

FIG. 8.

PEG BRICK ASSEMBLY

DIMEN SI ON S IN O F N T I M E T E R S

PEGWALL CONSTRUCTION

The construction of the segmented-eiectrode walls
is similar to that of the pegwalls and is shown
in Fig. 10. Each electrode assembly consists of
a copper substructure which serves as a heat sink,
and the copper is capped with graphite. To allow
for thermal expansion, the copper is slit and the
graphite is segmented. The graphite caps are
designed to operate at a surface temperature of
about 1800°K to minimize electrode voltage drops
and provide good electrical contact with the
plasma. These graphite electrode caps are
mechanically fastened to facilitate their rapid
replacement after they erode beyond serviceable
limits. Provision for power takeoff is provided

FIG. 10.
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ELECTRODE WALL STRUCTURE
(SEGMENTED ELECTRODE)

4.3 MAGNET DESIGN*

TEMPERATURE ,

The 2 T magnet existing at the AEDC facility was
recognized as being of insufficient strength and
of insufficient length for the MHD Performance
Demonstration Experiment and, therefore, a major
modification of the magnet was required. It was
desired to have a pulsed field in excess of 6 T
for the performance demonstration and to have a
steady-state field on the order of 3.5 T for
future extended duration channel testing. This
led to the concept of a dual mode magnet using
LN2 precooling for a 15 sec pulsed mode and water
cooling at room temperature for the continuous
mode operation. In both modes, the power is
supplied from a modified 27-MW power supply at
16,000 amp and 1700 v.
Consideration of the 16,000 amp current limit of
the existing power supply determined that a coil
of 720 turns is sufficient in the cryogenic mode.
The resulting warm mode peak field is about 3,7 T,
However, the increase in coil resistance when
operated in the warm mode proves to be a severe
mismatch with the existing power supply. This
mismatch is resolved by connecting the upper and
lower saddle coils in series for the cryogenic
mode and in parallel for the warm mode. The
field distributions for the two modes of opera
tion are indicated in Fig. 11. The field

FIG. 12. MAGNETIC FIELD AND COIL
TEMPERATURE RESPONSE DURING
A PULSE
regions of the coil. These detailed force distri
butions formed a basis for the stress analysis in
the coil support structure and appropriate
averages of the resulting force distributions
are shown in Fig. 13.

NOTE: THE LONGITUDINAL FORCES ACTING ON THE
SADDLE ENDS ARE BROUGHT MORE NEARLY INTO

AVERAGE LIFTING FORCE ■ 1270 LB/lfl2
TOTAL IJFTING FORCE a 2,330,000 LB
(FORCE IS DOWN ON LOWER HALF-COIL)

X, meters
FIG. 11. MAGNETIC FIELD DISTRIBUTION
FIG. 13.

and temperature response during a pulse from LN2
temperatures (77°K) is shown in Fig. 12. The
field variation across the bore width corre
sponding to the width of the generator channel is
predicted to be about 4 percent.

DISTRIBUTION OF MAGNETIC
FORCES ON THE COIL

The design of the coil support structure to
contain the enormous Lorentz forces of Fig. 13
proved to be a major undertaking. Not only does
the structure have to prevent repeated plastic
deformation of the coil from the combined Lorentz
forces and thermal stresses, but it must not be
subject to plastic deformation itself.

Detailed calculations of the Lorentz force
distribution in the coils were made to determine
the three-dimensional field components at nine
points in each of twenty-three appropriately
chosen cross sections in the sidebar and saddle

*The magnet was designed by MEA, Inc., Cambridge, Massachusetts, under contract
to ARO, Inc.
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The salient features of the magnet design are
summarized in the following table:

A coil holding structure completely within the
cryogenic enclosure was adopted and Fig. 14 is an
overview of the resulting support structure. It
is comprised of three functionally independent
subunits as follows:

TABLE III
MAGNET DESIGN FEATURES

1. Saddle boxes to prevent the coil crossbars
and risers from flattening longitudinally or
spreading vertically and laterally.
2.

Copper Weight
Aluminum Weight
Steel Weight
Pole Length
Entrance Aperture
Exit Aperture
Half Coil Height
Coil Width
Space Factor
Turns
Length Average Turn
Conductor Dimensions
Cooling Passages
Total Coil Length
Total Magnet Length
Cooling Requirement
Cryogenic Mode
Continuous Mode
Peak Field
Cryogenic Mode
Continuous Mode

Longitudinal tension members linking the
saddle boxes and preventing longitudinal
growth of the coil.

3. Transverse tension members attached to
vertical beams positioned outside the
longitudinal tension members to prevent
lateral spreading of the coil sidebars.
The various components of the support structure
are to be fabricated of 7079-T651 aluminum which,
while being economical, also has expansion
properties which compare favorably with those of
the copper coil. Since welding would locally
weaken the aluminum, the support structure will
be assembled using interlocking slots and keyways
to provide the required structural integrity.

84.090 kg
59.090 kq
500.000 kq
7.112 m
0.89 m wide by 0.71 m high
1.40 m wide by 1.17 m high
0.49 m
0.53 m
0.8

720
22.2 m
2.5 cm x 2.5 cm
0.'660 cm in diam
8.72 m
9.1 m
64.000 l LNZ
15,470 %/min H20
6.7 T
3.7 T

The field has about 240 MJ of stored energy at the
pulse peak and the current densities, the induced
forces, the thermal expansion, and thus the
engineering problems, faced in this magnet design
are the same as those for an equivalent size and
strength superconducting magnet.
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